Tropical storms (cyclones, hurricanes, or typhoons) are the most severe form of mechanical disturbance of coral reefs. In 2005, severe tropical cyclone Ingrid crossed the far northern Great Barrier Reef, a region that had not been affected by a major disturbance for several decades, and where benthic data had been collected before the cyclone crossed. This storm provided a unique opportunity to improve understanding of the extent and type of damage inflicted on inshore and offshore coral reefs along a gradient of wind speeds. Modeled maximum wind speeds ranged from 46 m s 21 (equivalent to category 4) near the path to 22 m s 21 (category 1) ,70 km to either side of the path. Surveys of 82 sites on 32 reefs along the wind gradient showed that the types and intensity of disturbance were well explained by local maximum wind speed, and by spatial and biotic factors. While offshore reefs had the deepest depth of damage, inshore reefs had the greatest rates of coral breakage and dislodgement. On a severely affected inshore reef, hard coral cover decreased about 800%, taxonomic richness decreased 250%, the density of coral recruits decreased by 30%, while massive coral cover remained unaltered. Maximum winds ,28 m s 21 for ,12 h inflicted only minor damage on any reef, but winds .33 m s 21 and .40 m s 21 caused catastrophic damage on inshore and offshore reefs, respectively. Observations from this cyclone were used to predict potential changes in storm-related coral loss under altered cyclone-intensity scenarios.
Severe tropical storms frequently occur at latitudes 10-30u on both sides of the equator. Known as tropical cyclones (TC) in the Southern Hemisphere, typhoons in the northwest Pacific, and hurricanes in North America, they cause significant perturbations in marine ecosystems including coral reefs. Extreme wave and current forces entrain reef sand, gravel, and rubble, break and dislodge corals, strip off the superficial reef framework, and deposit loosened material onto beaches or cays above sea level, or propel them into deeper subreefal environments (Done 1992; Scoffin and Walton Smith 1993) . These impacts, and the resulting redistribution of reef materials, are significant aspects in the geomorphology and evolution of coral reefs.
The ecological effects of cyclones on coral reefs have been reviewed by Harmelin-Vivien (1994) . A number of studies have documented the extent of direct mortality caused by storms at local or regional scales (Done 1992; Gardner et al. 2005) . Other studies have shown that the abundances of fish and other coral-associated organisms that depend on this structurally complex habitat also decline where reef structures are flattened; such indirect mortality may manifest soon after the storm or years to decades later (Woodley et al. 1981; Harmelin-Vivien 1994; Wilson et al. 2006) . All studies agree that there is a significant level of variability in the type and intensity of storm effects, and several studies have aimed at identifying the best predictors for storm damage (e.g., Done 1992; Gardner et al. 2005; Puotinen 2007 ). The ecological effects of storms on coral reefs can have legacies of years to centuries (Connell 1997) , so is important to further improve our understanding of the factors that determine differences in storm effects between reef locations and among coral community types.
The vulnerability of coral reefs to storm damage is likely related to the robustness and fragility of reefs, which varies according to (1) location, (2) coral community type, and (3) successional stage of coral development. On the Great Barrier Reef (GBR), the main spatial factors determining vulnerability of a particular locale are its position across the continental shelf and its location within a reef. One the one hand, outer-shelf reefs are more exposed to prevailing southeasterly waves than inshore reefs, which are sheltered by outer reefs. On the other hand, the framework of offshore reefs is substantially stronger than that of inshore reefs; since the former is consolidated by crustose coralline algae and calcium carbonate precipitation, the density of coral skeletons is high (Lough and Barnes 2000) and macrobioeroder abundances are low (Hutchings et al. 2005) . Inshore coral skeletons in contrast have lower skeletal density and weaker reef substrata (more loosely assembled and poorly cemented) than those on offshore reefs due to greater internal bioerosion and fewer crustose coralline algae (Perry and Smithers 2006) . Similar differences in exposure and sensitivity to storm damage also exist within reefs between the wave-exposed windward front-reef aspects (southeast to eastern sides), the more sheltered leeward back-reef aspects (western sides), and northern and southern flanks. A second predicator of vulnerability of coral communities is community type. Coral communities vary across the inshore-offshore gradient in wave exposure, bathymetry, water clarity, and light (Done 1982) . Waveexposed shallow outer-reef crests and slopes develop solid, low, streamlined coral frameworks, mainly Acropora with ridged, corymbose, and submassive growth forms, complemented by some low, compact branching colonies of light skeletal structure (e.g., several Acropora and Pocillopora). Table corals and taller branching forms, including Acropora, Pocillopora, and foliose Montipora and Echinopora, only become common below the reach of storm waves or in sheltered back-reef margins of outer reefs, and on fronts, flanks, or backs of inner reefs. The third predicator of vulnerability of reefs is the stage of development of the coral communities. A reef that has been denuded within recent years (e.g., by cyclonic waves, bleaching, or outbreaks of crown-of-thorns starfish) and is occupied by newly settled young colonies offers little hydrodynamic drag and would be relatively invulnerable (Madin and Connolly 2006) . Lack of disturbance for many decades allows highly fragile colonies to grow to large size, making reefs more vulnerable to storms, but it also allows massive colonies to grow to large enough sizes as to render them essentially invulnerable (Massel and Done 1993) . These three factors, which determine fragility, are therefore likely to have a strong influence on the type and extent of storm damage, and they need to be considered when refining predictions of the effects of storms on coral reefs.
Severe tropical cyclone (TC) Ingrid crossed the Great Barrier Reef (GBR) in March 2005. TC Ingrid was a category 4 cyclone with a central atmospheric pressure minimum of 925 hPa; it was the strongest cyclone to cross the GBR since 1918. Its core was clearly defined, only 10-15 km in diameter, and it crossed the continental shelf in a straight line over offshore and inshore reefs (Fig. 1) . Preliminary estimates from the Australian Bureau of Meteorology suggested that wind gusts within the destructive core reached speeds of at least 70 m s 21 (250 km h 21 ). In the core, wave heights of 15 m and .5 m were estimated for the open ocean and within the GBR lagoon, respectively. TC Ingrid crossed the continental shelf of far northern Queensland at 13.2uS (Fig. 1 ) over a section of the reef that had experienced a regime of low disturbance for several decades (see Methods-Study region section). Due to its strength and clearly defined core, TC Ingrid was a near-perfect storm for investigating how the intensity and types of storm disturbance change on inshore and offshore reefs along a gradient of increasing wind speeds, and for identifying the role of other factors in determining the extent of damage.
The data gained from reef surveys after TC Ingrid also provided a basis for considering the effects of potentially increasing frequency and intensity of cyclones with increasing sea-surface temperatures on different types of coral reefs. Several studies have shown that the proportion of intense tropical storms reaching categories 4 and 5 has increased significantly within the last 35 yr in many geographic regions (Walsh et al. 2004; Webster et al. 2005; Klotzbach 2006) . In an assessment of the relationship between storm intensity and a range of environmental variables, the increase in the frequency of category 4 and 5 hurricanes between 1970 and 2004 was best explained by increasing sea-surface temperatures, while other environmental variables contributed substantially less to the observed global trend (Hoyos et al. 2006) . Although the relationship between cyclone intensities and warming ocean temperatures is still subject to research and debate (Kossin et al. 2007) , the ecological implications of intensifying storms could be severe, since the energy dissipated by a storm above water increases as the cube of the storm's maximum wind speed, where the diameter and transition time of the storm contribute additionally to its likely damage (Emanuel 2005) . Our data on changes in types and intensities of disturbance with increasing wind speeds serve to predict the potential effects of increasing cyclone intensities on the coral cover of inshore and offshore reefs of the GBR archipelago.
Methods
Study region-Field work was conducted in the far northern region of the GBR (latitude 12u-14uS) in May 2005, 6-7 weeks after the cyclone crossed. Records from this remote region are sparse, but existing data suggest a regime of little perturbation within the previous 30 yr: only 6% of the reefs between latitude 12.6uS and 14.6uS were affected by outbreaks of the coral-eating crown-ofthorns starfish (Acanthaster planci) between 1984 and 2003 (either in active outbreak stage or recovering from a previous outbreak), in contrast to 56% of the reefs further south (Sweatman et al. 2005) . Only minor bleaching was observed in the far northern GBR during the GBR-wide mass bleaching events in 1998 and 2002 (Berkelmans et al. 2004) . Human population density is very low in this remote region, and although sediment-bearing flood plumes occasionally impinge on the inshore reefs, chronic pressures, such as enhanced runoff of sediments and nutrients from the catchments, are negligible (Fabricius et al. 2005) , and fishing effort is lower here than locations closer human population centers. Cyclones are likely to represent the main form of disturbance here, but cyclone activity is also far lower in the far northern GBR than further south (cyclone frequency is maximized around 20uS; Massel and Done 1993; Puotinen et al. 1997) . Only four cyclones have passed near the study region since 1969 (category 1 in 1979 and 1992, category 2 in 1985, and category 3 in 1990; Puotinen et al. 1997) . The 1990 cyclone probably represented the most severe perturbation in the region in the last 30 yr, and its effects on some of the reefs south of 13.5uS are documented in Van Woesik et al. (1991) and Done (1992) . In response to the low disturbance regime, coral cover may have averaged ,40% on reefs within this region before TC Ingrid crossed. This estimate is based on visual surveys, which recorded ,40% coral cover during visits of (Devantier et al. 2006) , 42-58% coral cover recorded by video prior to the cyclone (see following section), and our records of 38-70% remaining coral cover in our large-scale cyclone surveys on sites away from the cyclone path (see Results).
Large-scale surveys-Fourteen offshore and 18 inshore reefs up to 70 km away from the path were surveyed (Fig. 1) . On each reef, a front-reef and back-reef aspect (site) and, where possible, a northward-facing site were surveyed. Snorkeling observers on manta tow boards were towed by two inflatable dive tenders following the reef edge. Each site consisted of six two-minute tows (transects), and start and end points were recorded by global positioning system (GPS). Traveling speed averaged 5.4 km h 21 , and transect length averaged 183 m. On large reefs, transects were separated by ,200 m to maximize the spread within sites, while on small reefs (,2 km perimeter), entire perimeters were towed, and in some cases, it was not possible to fit in six contiguous transects per site. A total of 490 transects on 82 sites was surveyed on 32 study reefs.
The snorkeling observer dived to ,10-m depth using a manta board and recorded reef state and damage to 20-m depth on clear outer reefs and to ,12-m depth on turbid inner reefs. At the end of each tow, the estimated maximum depth of visible damage, and the cover of hard corals, octocorals, macro-algae, and blue-green algae as a percentage of available hard substratum was recorded (Table 1) . Transects were rated for fragility, ranging from 5 (remaining corals and framework not fragile) to 0 (remaining framework extremely fragile). Seven types of disturbance to corals and reef framework (Table 1 and Fig. 2 ) were also rated, following Van Woesik et al. (1991) , Done (1992) , and Van Woesik et al. (1995) . Disturbance categories were rated on a scale from 0 to 5 (including half-steps): 0 5 0%; 1 5 up to 5%; 2 5 6-20%; 3 5 21-50%; 4 5 51-80%; 5 5 .80%. Estimates were standardized across observers by comparing ratings at several transects before the surveys commenced.
Fine-scale before-and-after surveys-Cyclone-related changes in benthic cover and taxonomic richness were investigated on four inshore reefs south of the path, namely MacDonald Reef (32 km distance to the path), Hay Island (46 km), Wilkie Island (54 km), and Hannah Island (67 km; Fig. 1 ). Video transects were used to assess benthic cover and taxonomic richness of hard corals, octocorals, and macroalgae in February and October 2004 (i.e., 5 and 11 months before TC Ingrid), and in May 2005 (7 weeks after TC Ingrid). At both the windward and leeward aspect of the reefs, duplicate 25-m-long transects were run parallel to the depth contours at 3-and 8-m depth, with unmarked starting points defined by GPS (16 transects per reef and visit). Video tapes were processed using standard Australian Institute of Marine Science Long-Term Monitoring Program procedures (Abdo et al. 2003) . Forty-six genera of hard corals, and 16 taxonomic groups of octocorals were distinguished in the video analyses. Cover of 13 genera with predominantly branching and foliose growth forms was added to form the morphological group ''branching corals: (e.g., Acropora, Pocillopora, Montipora, Echinopora; Fig.  2A ,C,E,F), 19 genera were added for the group of ''massive corals'' (e.g., Poritidae, Faviidae, Goniopora, and Mussiidae; Fig. 2G -I,O), and 4 fungiid genera composed the group of ''unattached'' corals.
Along the first 10 m of the same transects, the densities and taxonomic richness of hard coral and octocoral recruits (,0.5 to 5 cm in diameter) were assessed within a 0.3-mwide belt. Identification was in most cases to genus level, or to family level if the small size precluded distinguishing genera. Recruit densities had been determined with the same methods at these sites four years earlier (April 2001).
Modeling regional and local cyclone exposure-The chronology of wind speeds and directions was modeled as a proxy for the potential wave energy using a cyclone wind model developed for the GBR region (McConochie et al. 1999 ) that was implemented using a 1-km grid to run within a Geographic Information System (Puotinen 2007) . Wind direction and mean sustained speed (10-min averages of surface-wind speeds) were calculated for all 490 transects every 5 min over 22 h when the cyclone crossed the region. Input data on eye position, central pressure, and speed and Table 1 . List of survey categories used to assess cyclone damage and their scales and definitions (see also Fig. 2 ).
Category
Scale and definition
Benthic cover Percent cover (% of available hard substratum) of hard corals, macroalgae, and octocorals. Fragility Fragility of the remaining reef framework, rated from 0 to 5: 0 and 1 5 beds of extremely fragile branching and foliose corals and complex unconsolidated framework (e.g., Fig. 2A ), 4 and 5 5 flat consolidated substratum with little surface roughness and few breakable structures (e.g., Fig. 2D ).
Depth of damage
Maximum estimated depth (in meters) at which cyclone damage was visible.
Measures of disturbance (rated from 0 to 5): Framework removed Erosion and removal of the top layer of the reef framework.
Dislodgement of massive corals
Massive corals broken off at their bases and often rolled onto their sides.
Coral breakage
Remnants of corals with parts broken off and loose coral fragments. Scarring by debris Scars on living coral surfaces attributable to surgeborne debris.
Octocorals torn
Torn gorgonian fans or bases of Sinularia colonies stripped off their tissues. Algal bloom Blooms of algae (generally cyanophycea, filamentous diatoms or chlorophyta) covering extensive proportions of disturbed reef surface. Sediment transport Sediment shifted downslope or horizontally, often burying parts of or whole coral colonies. On this steep slope, fresh sediment has only partially buried the Acropora and Porites colonies. On some terraces, colonies and reef direction of movement were provided by the Australian Bureau of Meteorology (BOM) (as of 2006). To account for the small circulation size and the unusually strong peak of the wind gradient of the cyclone, maximum wind speed estimates were corrected to avoid underpredicting maximum wind speeds in the vicinity of the eye wall (Holland 1980; Jeff Callaghan pers. comm.) , and these corrections were also implemented in our equations. For each transect, maximum values and various percentiles of sustained surface-wind speed, the direction of cyclone-generated winds during the hour of maximum wind speed, duration of exposure to galeforce winds ($17 m s 21 ), distance to the path, hours of galeforce winds, and total energy (sum of wind speed times duration) were calculated from the modeled wind estimates. Maximum hourly wind speeds were converted to categories of Australian cyclonic intensity, based on maximum 10-min sustained wind speeds (in m s 21 ; 5 3.6 km h 21 ) and central pressure: (Simpson and Riehl 1981) .
Statistical methods-Large-scale surveys: Data from the six transects per site were averaged. The response variables were: remaining coral cover, depth of damage, observed fragility, and the seven measures of cyclone disturbance (Table 1) . Generalized linear mixed models (GLMMs: Breslow and Clayton 1993) with a log-link function and variance proportional to the mean response were used to assess the effects of storm characteristics (various percentiles of wind speed, storm duration, and cumulative wind energy), shelf (inshore and offshore), site aspect (front, back, and north), and their interactions. Reefs were included as random effects in the models. GLMMs of this form were chosen due to (1) the variance of responses increasing with the mean, and (2) the need to constrain predictions to be positive. Sequential tests (Wald's tests) were used to assess the significance of model effects.
Fine-scale surveys: The primary focus of these analyses was to assess the pre-to postcyclone differences in the cover and taxonomic richness of hard corals and octocorals, and the cover of macroalgae, turf algae (mixed benthic algal communities generally ,1 cm thick), and the three morphological groups of hard corals. None of the response variables differed between the two visits before the cyclone, and thus the data of these two visits were combined (weighted average). Transects within sites were averaged, and response variables were expressed as differences between pre-and postcyclone surveys for each site within each reef. Linear mixed-effects models (Breslow and Clayton 1993) were used to assess the disturbance related to wind characteristics, aspect (front and back), and depth (3 and 8 m), and the interactions between wind and aspect, and wind and depth. Reefs were included as random effects. The software package R was used for all statistical analyses (R Development Core Team 2007).
Results
Wind-model estimates-TC Ingrid had a minimum central pressure of 925 hPa when approaching the GBR. On the outer shelf of the GBR, the eye of the cyclone progressed at ,10 km h 21 in west-northwestward direction. Reefs in the study region experienced sustained maximum winds ranging from 22 to 46 m s 21 (83-166 km h 21 , equivalent to category 1-4). Toward the inshore, it accelerated, progressing at 25 km h 21 before crossing the coast at 13.2uS (Fig. 1) . The models showed that wind direction was initially southeast to south (160-185u), but south of the path, it gradually turned through east to north (0u), while to the north of the path, it turned through west to north-northwest (300u; Fig. 3 ). Gale-force winds lasted 7 to 20 h offshore and 7 to 15 h inshore (Fig. 4A ). Greatest wind speeds over the offshore reefs developed near the path and over the inshore reefs ,10 km south of the path (Fig. 4B) .
Large-scale surveys-A broad range of disturbances was observed ( Fig. 2C-P) . The worst-affected inshore reefs were reduced to extensive rubble fields. On the worstaffected outer-shelf reefs, more than half of the surfaces of crests and outer slopes were stripped off their framework down to solid substratum, ,0.5 m below previous living coral surface (Fig. 2D ). Coral breakage (Fig. 2C,E,F) and dislodgement of massive corals (Fig. 2G-I) were common events. Torn or removed octocorals (Fig. 2M-N) were less commonly observed, probably because only a few taxa leave visible skeletons behind. In many areas, strong currents had moved rubble and sand, which accumulated in reef gutters and sometimes scarred or buried corals and exposed previously buried reef (Fig. 2K-L) . In some cases, beds of rubble or fields of massive boulders came to rest on soft sediment on the leeward sides, effectively extending the area of colonizable hard substratum for reef growth by up to 10 m (Fig. 2H) . Finally, there was significant recent mortality in clams (Tridacna spp.; Fig. 2P ).
Damage to the coral communities was greatest near the cyclone path on offshore reefs (Reefs 13040, 13056, and Tijou), and slightly south of the path on inshore reefs (Bow Reef), coinciding with the distribution of maximum wind r structure were totally buried. (M,N) Tearing of octocorals. In Sinularia, a distinctive smooth base consisting of calcareous sclerites remains after the tissue is torn off (M). Remaining branches of a gorgonian fan; this Annella measured .2.5 m in diameter before the cyclone. Octocorals, other than Sinularia, Heliopora, and gorgonians, leave no traces when torn off because colony fragments disintegrate rapidly. (O) Scarring of coral surfaces by the movement of debris. (P) Giant clams (Tridacna spp.) suffered significant mortality; however, some clams that were previously nearly overgrown by fast-growing corals were freed from space competition.
speed (Figs. 1, 4) . The total damage score (sum of the seven damage categories) was highest on some offshore sites between 0 and 20 km from the path. Both offshore and inshore, it gradually attenuated with increasing distance from the path, to low scores 70 km to either side. Importantly, total damage varied greatly among equally distant sites; hence, numerous transects sustained only minor damage even on reefs directly within the path, providing evidence for the substantial patchiness typical of cyclone damage (Fig. 4C) .
The effects of wind speed, storm duration, and cumulative wind energy were highly correlated. Maximum wind speed was the best predictor for a clear majority of responses, and the addition of storm duration or cumulative wind energy to the models resulted in negligible improvement. Consequently, of the three storm characteristics, only maximum wind speed was used in the final models. Variation in damage among the 82 sites was best explained by local wind speed, inshore and offshore position on the continental shelf, and reef aspect (front, back, and northern sites; Fig. 5 ; Table 2 ). Remaining hard coral cover decreased from lowest to highest maximum wind speed (22 to 46 m s 21 ), and a steeper decrease was observed on the inshore reefs (mean: 40% to 8% coral cover) compared to the offshore reefs (42% to 20%; Figs. 1, 5; Table 2 ). Remaining coral cover was highest on the back reefs of offshore sites, probably due to the shelter provided by their reef flats. Remaining coral cover on the backs of inshore reefs was as low as on their front and northern sides, indicating that the small inshore reefs did not provide much shelter to their back sites. The depth of visible damage increased along the wind gradient to .15-m depth on offshore front and northern sites, 7-8-m depth on offshore back sites, and 7-8-m depth on all aspects of the inshore reefs. The fragility of the remaining reef framework decreased steeply with increasing maximum wind, where fragility was the greatest inshore at low winds and was lowest inshore near the path ( Fig. 5; Table 2 ). Within reefs, fragility was greatest on the back sites of offshore reefs. Coral breakage also increased with maximum wind, both inshore and offshore, at all reef aspects. On average, 5% of corals were broken on reefs at ,22 cm s 21 winds, and .50% were broken at the reefs with strongest winds. Dislodgement of massive corals was low (,5%) at #35 m s 21 but steeply increased to 20-50% at strongest winds; rates were higher inshore than offshore. Algal blooms and shifted sediments were infrequently observed, and the former occurred predominantly on offshore front sites at .40 m s 21 winds. Scarring was rarely observed at all but the most wind-exposed reefs (.40 m s 21 ). The removal of reef framework also occurred mostly at sites that showed $40 m s 21 winds, and it was greater on front and northern sites than on back sites. Framework removal was also greater offshore than inshore; however, this difference may be an artifact because framework removal is more difficult to detect on the loosely assembled inshore reefs than on the firmly cemented offshore reefs. The total damage score doubled with each 10 m s 21 increase in maximum wind speed, rising more than 400% as wind speed increased from 22 to 46 m s 21 .
Fine-scale before-and-after surveys-The effects of the cyclone on reef communities varied greatly among the four inshore reefs but were well explained by maximum wind speed, reef aspect, and depth ( Fig. 6; Table 3 ). Total damage scores recorded by manta tow on the four reefs ranged from 2.6 at Hannah Island (67 km south) to 6.3 at MacDonald Reef (32 km south of the path; the total damage score of an inshore reef closest to the path was 11.2).
In the year before the cyclone, hard coral cover averaged 42% to 58% on the four reefs. MacDonald Reef experienced above-gale-force winds for 12.4 h and maxi- Fig. 5 . Large-scale surveys: (A) Plots of remaining hard coral cover, depth of damage, fragility (highest values being least fragile), and various measures of disturbance against 10-min averaged maximum wind speed, and (B) plots displayed separately for inshore and offshore reefs at front, back, and northern locations. Plots are based on the results of log-linear models of site-averaged data (Table 2) ; where differences are significant, lines are fitted by smoothers distinguishing inshore and offshore sites. Error bars are 1 SE. mum winds of 33 m s 21 . Cyclone damage was severe on this reef, and hard coral cover dropped 800% from 55.1% 6 10.7% standard error (SE) to 7.7% 6 4.5%, while taxonomic richness in hard corals declined 250%, from 8.9 6 1.6 to 3.6 6 1.7 coral genera per video transect. The density of coral recruits was reduced by a third of initial densities (from 3.9 6 1.4 to 2.6 6 0.6 m 22 ). In contrast, Hannah Island had above-gale-force winds for 9 h, with maximum winds of 27 m s 21 , and although it experienced some breakage, changes in coral cover, species richness, and recruit densities were not significantly different from zero (37.7% 6 7.8% vs. 41.6% 6 4.0% cover; 8.8 6 1.7 vs. 9.5 6 2.3 genera per transect, and 3.40 6 0.66 vs. 3.11 6 0.19 m 22 ). Damage on Wilkie and Hay Islands was intermediate compared to that at MacDonald and Hannah, showing losses of ,20% hard coral cover, while richness did not change significantly (taxa per transect on Wilkie: 11.2 6 2.1 vs. 9.4 6 1.9; Hay: 10.7 6 1.6 vs. 8.0 6 1.9).
Changes in the inshore communities were strongly related to wind speed (and hence contrasted between reefs), but some also depended on depth and aspect ( Fig. 6 ; Table 3A ). For example, the loss in hard coral cover at MacDonald Reef was much more severe at 3-m depth (73% cover reduced to 1.3%) than at 8-m depth (33% cover reduced to 15%), and loss was marginally greater at the front than the back site. In contrast, changes in hard coral richness were only related to wind speed and not to depth and aspect. Changes in octocoral cover and richness were less severe than in hard corals and not significantly related to wind speed. The density and taxonomic richness of both hard coral and octocoral recruits declined after the cyclone only at 8-m depth, because few recruits were found at 3 m, even before the cyclone.
The fate of hard corals was strongly governed by their growth form. The group of branching and foliose corals severely declined with increasing winds, showing greater losses in shallow compared to deep water, and on front rather than back sites (Table 3 ; Fig. 6 ). At MacDonald Reef, some of the taxa with branching and foliose growth forms were reduced to 0-33% of their prestorm cover (averaged over all aspects and depths). In particular, the genera Acropora, Montipora, Pachyseris, and Merulina each declined to 0-7% of precyclone cover. Prior to the storm, the group of branching and foliose corals contributed 84% to total hard coral cover (46% of 55%), but only 37% to generic hard coral richness. After the storm, their contribution to total hard coral cover had dropped to 52% (4.8% of 9.2%), while their contribution to generic richness remained unchanged (40%). Corals with massive growth forms and unattached Fungiidae did not change in cover or richness in response to the wind at either depth or aspect. The genera Porites and Lobophyllia appeared to have increased by 22% and 12%, respectively, possibly because they were more conspicuous after the canopy of branching corals had disappeared at MacDonald Reef. Overall, the fine-scale surveys closely matched and confirmed the patterns observed by the manta-tow surveys, showing increasing coral breakage but no change in the number of dislodged massive corals observed along the wind gradient within these four reefs (Fig. 5) . Turf algae covered the substratum previously occupied by hard corals and octocorals, while macroalgal cover changed little, except for an extensive carpet of new macroalgae (mostly Padina) on the back site of MacDonald Reef (Table 3 ; Fig. 6 ).
Discussion
Wind characteristics as predictors of damage-Tropical cyclone Ingrid was a nearly perfect storm to assess the type and extent of damage to coral reefs in relation to wind speed, since (1) this cyclone was strong yet small in diameter, which created a clearly defined gradient in wind speeds, and (2) it crossed in a straight line through a region that had not been affected by major disturbances for several decades. The surveys therefore allowed us to assess in detail how the types and extent of damage varied along a wind gradient ranging from 22 to 46 m s 21 , across the shelf, with reef aspect, and with depth. The spatial wind model showed that ,84 reefs were located within the zone where maximum winds exceeded 33 m s 21 (3% of the ,2,800 reefs of the GBR), and an additional 154 reefs Table 2 . Significance of effects of maximum wind speed, cross-shelf position (inshore vs. offshore reefs), and reef aspect (back, front, and northern reef sites) on the main forms of cyclone damage recorded at 82 sites in the large-scale surveys (Fig. 5) Minor damage was attributed to this cyclone as far as 160 km south of the path (T. Done pers. obs.). For TC Ingrid, maximum 10-min averaged wind speed best explained local damage in both the large-scale and small-scale data. The effects of storm duration or cumulative wind energy were similarly strong, as they were highly correlated to maximum wind, but the prediction of damage was not improved by adding the latter two factors to our models. In open oceans, significant wave height is a function of both maximum wind speed and storm duration, where the square of wave height is proportional to wave energy (Kinsman 1965) . However, wave height on the continental shelf is more difficult to predict because the height of new wind waves generated behind the offshore reef barrier is limited by a short fetch (,40 km) and shallow depth (,30 m) (Denny 1988; Young and Hardy 1993) . Despite this complex geographic setting, local maximum wind speed was a strong proxy for wave damage by TC Ingrid both on inshore and offshore reefs. Obviously, damage patterns vary substantially between different cyclones, due to their highly variable intensities, size, and movement characteristics. Nevertheless, our results complement those of Puotinen (2007) , who showed that for three recent cyclones on the GBR, maximum wind speed was the best predictor of total damage in one, while storm duration was the best predictor in two other cyclones.
Wind direction can also play an important role in predicting cyclone damage on reefs. Done (1992) found that for TC Ivor, which had crossed the far northern GBR in 1990, total damage was strongly related to cumulative wind energy when normalized by the reef aspect. Done (1992) also found a discernible shelter effect afforded by reefs to their own leeward sides, and by closely adjacent reefs acting as breakwaters for their neighbors. For TC Ingrid, damage on the back reefs was similar north and south of the track, despite the opposite wind directions on either side. The reason for only minor damage on the back sites north of the track was probably due to their protection by large midshelf reefs, while the inshore reefs were so small that they did not provide shelter to their leeward sides, both north and south of the track (Fig. 1) . Eventually, sufficient data may exist for a meta-analysis to resolve the best predictors of reefs damage by cyclones with different movement characteristics.
Biotic factors determining the severity of storm effectsThe severity of cyclone effects varies widely between biota and biotic measures. For example, at MacDonald Reef, hard coral cover decreased about 800%, taxonomic richness decreased 250%, and the density of coral recruits decreased by 30%, while the cover of massive and unattached hard corals and octocorals did not change significantly. The relatively greater decline in hard coral cover than in richness was partly due to the fact that fragile corals, which had contributed .80% to coral cover prior to the cyclone, were set back in cover but not in richness, as has been previously observed after storms (Hughes 1989; Rogers 1993) .
The severity of storm damage also differed between coral community types. Offshore communities develop solid, low, streamlined coral frameworks with high skeletal densities, whereas inshore communities (and those growing in deeper or sheltered mid-and outer-shelf habitats) are dominated by fragile table corals, foliose corals, and taller branching forms with low skeletal densities. Offshore reef substrata are also typically firmer than inshore substrata due to lower internal bioerosion, higher calcium carbonate precipitation, and far greater coverage by crustose coralline algae. Our data showed that the robust offshore communities suffered less breakage and dislodgement, and had greater remaining coral cover, than the inshore communities. The low rate of breakage in offshore communities is remarkable given that the offshore communities experienced wave heights three times greater than inshore communities (15 vs. 5 m significant wave heights near the track), which was also reflected in a twofold deeper depth of damage (15 m offshore vs. 7-8 m inshore). This confirms that extreme waves are needed to inflict damage on robust coral communities, while much lesser forces can decimate fragile coral communities (Madin and Connolly 2006) . Our finding of a more frequent dislodgement of massive corals on inshore reefs compared with offshore reefs is likely due to the fact that the fate of massive corals depends on the stability of and strength of attachment to the reef substratum, since they are being dislodged rather than broken by waves (Massel and Done 1993) .
The fragility of a coral community also depends on its stage of development after disturbance. Large colonies offer greater hydrodynamic drag and large fragile or weakly attached colonies are therefore more vulnerable than smaller colonies (Denny 1988; Massel and Done 1993; Madin and Connolly 2006) . Mature reef communities that have remained undisturbed for several decades, as represented in our study region prior to the cyclone, are therefore more vulnerable to storm damage than young communities that are in an early stage of recovery from a prior disturbance. The difference in drag between large and small colonies explains why the reduction in coral cover was proportionally greater than the reduction in the density of coral recruits on the inshore reefs.
Thresholds-Various forms of damage were only observed at winds above a certain threshold. Inshore, sites suffered catastrophic destruction at .33 m s 21 winds (category 3 or more) and storm duration of .12 h. Here, over 80% of the branching and foliose corals were broken, a large proportion of massive corals was dislodged, extensive swaths of framework were removed, and remaining hard coral cover was ,5%. On the robust offshore reefs, catastrophically denuded reef sites were only found where local winds exceeded 40 m s 21 . At 33-40 m s 21 winds, variability in coral cover was high (10-50%), and breakage, framework removal, and dislodgement occurred at many, but not all, sites. Inshore and offshore reefs that had experienced ,28 m s 21 winds (the lower end of category 2 or weaker) and storm duration of ,12 h showed only minor damage, with patchy breakage, the dislodgement of few massive corals, no framework removal, and ,40% remaining hard coral cover. Algal blooms, scarring, and shifted sediments were rarely recorded at ,33 m s 21 winds.
Our results complement similar threshold estimates reported in previous studies. For example, Done (1992) concluded from a large-scale study on the effects of TC Ivor on offshore reefs that cyclones with atmospheric pressure of 965 hPa or weaker (category 2 with winds of 25-33 m s 21 ), which cross in less than a day, would cause no serious damage at .50 km from the path to the left, and 30 km to the right; however, patchy breakage, exfoliation, and dislodgement would be observed up to 200 km from the nominal cyclone path. Puotinen (2007) identified maximum winds of 24.7 m s 21 and storm duration of 19.5 h as thresholds above which wave damage to a reef was likely. However, these two thresholds are unlikely to be independent: TC Ingrid caused serious damage at ,15 h storm duration, most likely because maximum winds were high. These studies in combination suggest that on relatively mature inshore and offshore reefs, severe damage occurs at wind and pressure conditions equivalent to TC category 2 or greater (.28 m s 21 ) if gale-force winds last for more than 12 h. Even among the few severe cyclones, some cross the GBR so rapidly or with such convoluted paths that despite high wind speeds, wave heights and reef disturbance remain low. Others will cross either wave-adapted or recently Table 3 . Significance of the changes (values before minus after the cyclone) in reef community characteristics in relation to maximum wind, reef aspect (front and back), and depth (3 and 8 m) on four inshore reefs in the fine-scale surveys (Fig. 6) Gardner et al. (2005) compiled data from .100 Caribbean sites where coral cover was recorded before and one year after a hurricane. They found that the loss in coral cover increased significantly with maximum hurricane intensity, from no discernible disturbance at wind speeds ,51 m s 21 (,184 km h 21 ) to a decline of up to 40% of cover at wind speeds approximating 80 m s 21 . The greater vulnerability of reefs in the northern GBR compared to the Caribbean is likely due to the fact that Caribbean coral communities have been affected by a multitude of disturbances within the last 40 years, resulting in low coral cover, the removal of most fragile tall and branching corals, and simple framework structures (Gardner et al. 2003) .
Recovery-The speed of reestablishment of coral cover and diversity after a disturbance varies in response to a number of factors: it depends crucially on the proportion of surviving colonies to provide larvae, on substratum suitability for larval settlement, on substratum complexity as shelter for herbivores, and on the postsettlement survival and growth rates of corals. Around the world, many reefs that are overfished or exposed to high sedimentation and poor water quality have failed to recover from a storm for decades, instead establishing a new and persistent state of algal dominance (Hughes and Connell 1999; Gardner et al. 2003; Rogers and Miller 2006) . On the GBR, coral cover can be reestablished within 10-30 yr (Halford et al. 2004) , and inshore reefs show a mean rate of recovery that is about 1.5 times slower than offshore reefs (Ninio et al. 2000) .
Our data confirmed previous studies that showed that storm damage is extremely patchy (Done 1992; HarmelinVivien 1994) . The larvae dispersed from the many surviving corals will greatly aid coral recovery in the whole region. However, there are large differences between reefs in the suitability of the substratum for larval settlement and the survival of early settlers. Offshore reefs facilitate larval settlement and postsettlement survival because coralline algae, which trigger settlement in corals, are abundant, and rubble fields are swept into areas of low wave energy and rapidly consolidated through carbonate precipitation, and also because the risk of being smothered by macroalgae and sediments is low. We therefore predict that the offshore reefs should start recovering within a few years. The onset of recovery on inshore reefs is likely to be slower because coralline algal cover is low, rubble fields can remain unconsolidated and unsuitable as settlement substratum for .10 yr, and sedimentation and macroalgal carpets negatively affect larval settlement and postsettlement survival. On MacDonald Reef, the complex reef framework was transformed to loose rubble ( Fig. 2A,C ) that provides little shelter for herbivorous fishes, and this reef has become partly covered by macroalgae. Furthermore, on this reef, about half of the remaining coral cover consists of broken coral fragments not attached to the substratum, which have low survival rates (Woodley et al. 1981; Harmelin-Vivien 1994) . Nevertheless, the rate of recovery of inshore reefs like MacDonald Reef will likely benefit from its remote setting and concomitant low rate of terrestrial runoff of nutrients and sediments and low exposure to fishing. Long-term monitoring is needed to quantify the recovery progress of the inshore and offshore reefs in the far northern GBR that are set in a regime of low natural and human-induced disturbance. (Puotinen et al. 1997; gray bars) , and with an increase in cyclone intensity of half a category as predicted for 2080 (Knutson and Tuleya 2004 ; white dashed bars). (B) Observed local loss in coral cover in response to cyclone intensity on inshore and offshore reefs (from Fig. 4A , extrapolated to category 5 storms). (C) GBR-wide loss of coral cover on inshore and offshore reefs, at cyclone intensity distributions as observed 1969-1997 (black and gray bars), and as predicted for 2080 (white dashed bars). Values are standardized using cumulative present-day losses on undisturbed inshore reefs (black bars) as 1.0.
Implications of increasing storm intensities-The frequency of cyclones crossing the GBR is high. Between 1969 and 1997, on average 1.6 cyclones yr 21 (category 1 or stronger) passed within 100 km of the 2,500-km-long GBR (Puotinen et al. 1997) . Of these 55 cyclones, the frequency of cyclones of categories 1 to 5 was 48%, 28%, 20%, 4%, and 0%, respectively (recalculated from Puotinen et al. 1997 ; Fig. 7A ). We used our large-scale survey data along the wind gradient (Fig. 5A ) to estimate loss in hard coral cover for each cyclone category, assuming a mean coral cover of 40% prior to the cyclone, and setting coral loss to 95% for category 5 cyclones, for which no observations existed (Fig. 7B) . By multiplying cyclone frequencies by windrelated estimates of loss in coral cover, we estimated cumulative loss in coral cover in relation to the present-day cyclone frequency for relatively undisturbed inshore and offshore reefs (Fig. 7C ). This calculation shows that at present, most cyclone-driven losses in coral cover on the GBR are caused by category 2 and category 3 cyclones because they are frequent and they kill a substantial proportion of corals. Losses caused by category 2 and category 3 cyclones are greater on inshore reefs than on offshore reefs. In contrast, losses in cover due to category 1 cyclones are less despite their relatively higher frequency because they kill fewer corals per cyclone. Finally, losses in live coral cover due to cyclones in category 4 and 5 cyclones, while catastrophic, are rare and localized when considered over the scale of the whole GBR.
Predictions vary in relation to the intensity of cyclones associated with globally rising ocean temperatures (Webster et al. 2005; Hoyos et al. 2006; Kossin et al. 2007 ). They range from ''no change'' to as much as a 60% increase in potential destructiveness, the latter of which is associated with an increase in mean annual tropical sea-surface temperature of 0.25uC (Sriver and Huber 2006) . Others predict a gradual increase of 6-12% in maximum winds over the coming 80 yr, equivalent to about half a cyclone category (Knutson and Tuleya 2004) . On the GBR, a hypothetical increase in cyclone intensity by half a category (Fig. 7A) would result in 50-60% greater cyclone-related loss in coral cover, both inshore and offshore, compared to present-day rates, assuming full recovery between events (Fig. 7C) . Probably most importantly, the proportion of fragile species, which are responsible for most of the structural complexity in reef communities, would decline far more rapidly than the proportion of massive species. With increasing disturbance intensity, the proportion of reefs in recovery state with low coral cover and low structural complexity would increase, and this would have negative effects on the abundances of coral-associated fish and invertebrates and their contributions to ecosystem functions (Wilson et al. 2006) .
